P erioperative stroke is a devastating complication of surgery, with an apparent incidence of approximately 0.1% in noncardiac, nonneurological surgery (general surgery). 1 Although commonly defined (as well as by American College of Surgeons National Surgical Quality Improvement Program) as occurring within 30 days after surgery, 1,2 most perioperative strokes occur postoperatively (rather than intraoperatively) with the majority occurring within 7 days. 3, 4 In contrast to strokes in the general population, which have a mortality rate of 12.6%, strokes during or after general surgery have a mortality rate that ranges from 26% to as high as 87% in patients who have had a previous stroke. 2, 5 The incidence of perioperative stroke varies according to the nature and complexity of the surgical procedure, in addition to other factors such as advanced age, sex, and comorbidities. 5, 6 Perioperative strokes are most common in patients having cardiac, neurological, and carotid artery surgery. 7 For instance, the rate of perioperative stroke in cardiac surgery ranges from 1.9% to 9.7% depending on the complexity of the surgery, [7] [8] [9] whereas, in general surgery, the risk is considerably lower. 1, 7, 10, 11 The pathophysiology of perioperative stroke tends to be ischemic rather than hemorrhagic. In cardiac surgery, strokes are mainly embolic, whereas strokes in general surgery tend to be thrombotic. 7 It is unclear why general surgery is associated with thrombotic strokes; however, factors such as endothelial dysfunction and surgically induced hypercoagulability-both of which may persist for days after surgery-may play a role. 2 Recently, hypotension has regained interest as a potential risk factor for perioperative stroke. The Perioperative Ischemic Evaluation Study (POISE) trial, completed in 2007, found an increased rate of death in patients receiving metoprolol versus placebo for noncardiac surgery. Increased mortality was associated with a higher rate of postoperative stroke, for which clinically important hypotension had the largest attributable risk. 12 However, the contribution of intraoperative versus postoperative hypotension, and hypotension in general, to perioperative stroke remains unclear. A recent study by Bijker et al, 13 for example, reported that the duration of time that mean arterial pressure (MAP) was decreased >30% from baseline was significantly associated with postoperative stroke. In contrast, several older studies identified no relationship between intraoperative hypotension and stroke, while maintaining that postoperative hypotension may contribute. 3, 10, 14 We therefore tested the hypothesis that intraoperative hypotension is associated with perioperative stroke. Specifically, we evaluated (1) whether patients with postoperative stroke were more likely to become hypotensive (as defined by MAP < 70 mm Hg at any point during surgery) and (2) whether hypotensive events in stroke patients were more severe than in patients without stroke.
BACKGROUND: Intraoperative hypotension may contribute to perioperative strokes. We therefore tested the hypothesis that intraoperative hypotension is associated with perioperative stroke. METHODS: After institutional review board approval for this case-control study, we identified patients who had nonneurological, noncardiac, and noncarotid surgery under general anesthesia at the Cleveland Clinic between 2005 and 2011 and experienced a postoperative stroke. Control patients not experiencing postoperative stroke were matched in a 4-to-1 ratio using propensity scores and restriction to the same procedure type as stroke patients. The association between intraoperative hypotension, measured as time-integrated area under a mean arterial pressure (MAP) of 70 mm Hg, and postoperative stroke was assessed using zero-inflated negative binomial regression. RESULTS: Among 106 337 patients meeting inclusion criteria, we identified 120 who had confirmed postoperative stroke events based on manual chart review. Four-to-one propensity matching yielded a final matched sample of 104 stroke cases and 398 controls. There was no association between stroke and intraoperative hypotension. Stroke patients were not more likely than controls to have been hypotensive (odds ratio, 0.49 [0.18-1.38]), and among patients with intraoperative hypotension, stroke patients did not experience a greater degree of hypotension than controls (ratio of geometric means, 1.07 [0.76-1.53]). CONCLUSIONS: In our propensity score-matched case-control study, we did not find an association between intraoperative hypotension, defined as MAP < 70 mm Hg, and postoperative stroke. (Anesth Analg 2016;123:933-9)
METHODS
The study was approved by the institutional review board, which waived the requirement for individual consent. From the Cleveland Clinic Perioperative Health Documentation System registry, we obtained data on 106 337 adult, American Society of Anesthesiologists Physical Status I-IV patients who had elective noncardiac, nonneurological, and noncarotid surgery with general anesthesia at Cleveland Clinic between January 2005 and December 2011. This was the maximum number of patients available to us at the time of study design. Only the most recent visit per patient was included, and the index surgery within a given visit was the first in which there was an anesthesia record. A patient flow diagram for our study is given in Figure 1 .
We first identified potential postoperative stroke cases by searching for procedure codes possibly associated with a postoperative stroke. A manual chart review then ensued to identify which of these patients indeed suffered a postoperative stroke. We defined postoperative stroke as those diagnosed up to 30 days after surgery. This was a critical step because the procedure codes often referred to previous strokes rather than postoperative events during the index visit.
Potential controls were identified after excluding those with incomplete demographic, morphometric, or perioperative data (in addition to the exclusion criteria given above) and were matched in a 4-to-1 ratio to stroke cases using propensity scores, 15 restricting successful matches to those with common principal procedure (according to the US Agency for Healthcare Research and Quality's Clinical Classifications Software) and propensity scores within 0.01 propensity score units of one another. Partial matches, that is, those stroke patients for whom 4 suitable controls were not available, were allowed.
Statistical Analysis
Propensity scores were estimated based on patients' baseline comorbidities using multivariable logistic regression.
Balance on baseline comorbidities was assessed using standardized difference scores (defined as the between-group difference in means, mean rankings, or proportions, as appropriate, divided by a combined estimate of standard deviation); any baseline variable exhibiting a standardized difference of >0.2 among the matched sample was used for adjustment in all subsequent analyses. Duration of surgery was explicitly entered into our final models as we sought to ensure strict adjustment for duration of surgery.
The primary hypotension exposure was defined as the integrated area above the MAP-versus-time curve and below the threshold of MAP = 70 mm Hg. This area under the threshold (AUT) metric, depicted in Figure 2 , combines both duration and severity of hypotensive episodes into a singular measure. For example, a hypotensive episode of MAP = 60 for 10 minutes, as well as an episode of MAP = 65 for 20 minutes, would each represent an AUT of 100 mm Hg-minutes.
The distribution of the AUT measure was summarized separately for matched stroke cases and controls using standard numerical and graphical techniques. Because we expected many patients to have no hypotension below the MAP = 70 mm Hg threshold, we used a modeling technique that simultaneously models the following parameters: (1) the odds ratio for any positive AUT value comparing stroke patients with controls; and (2) the ratio of geometric mean AUT between stroke patients and controls among those with positive AUT values. The first parameter addresses the hypothesis that stroke patients may have been more likely to become hypotensive, whereas the second parameter addresses the hypothesis that, among hypotensive patients, those with perioperative stroke had more severe exposures to low MAP values. Zero-inflated negative binomial regression-adjusting for any imbalanced baseline characteristics-was used to estimate these parameters. 16 To interrogate the effect of our choice of MAP threshold, as well as the timing of postoperative stroke on our results, sensitivity analyses were conducted using MAP thresholds of 65 and 60 mm Hg, as well as by restricting our analysis to strokes that occurred within 3 postoperative days and within 9 postoperative days. R statistical software version 3.0.0 (The R foundation for Statistical Computing, Vienna, Austria) was used for all analysis. The type I error rate for all hypothesis tests was fixed at 5%.
RESULTS
Among 106 337 patients meeting our inclusion criteria, we initially identified 933 with International Classification of Diseases, Ninth Revision (ICD-9) codes potentially related to strokes, of which we confirmed perioperative strokes in 120 based on our manual chart review. Among 105 404 potential control patients, we excluded 8100 because of incomplete data, leaving 97 304 available for matching. Patient flow is shown in Figure 1 , and the timing of postoperative stroke is represented in Figure 3 .
The 4-to-1 propensity matching procedure yielded a final matched sample of 502 patients: 104 stroke cases and 398 controls. Balance was generally excellent among the matched sample, as shown in Tables 1 and 2 . Thus, no variables (other than duration of surgery) were included as covariates in our regression modeling.
Distributions of the AUT measure among matched stroke cases and among matched controls were similar ( Figure 3 ). Hypotension (ie, any MAP < 70 mm Hg) was observed in 77 of 104 (74%) stroke cases and 310 of 398 (78%) controls. Median (first quartile, third quartile) AUT values for hypotensive cases and controls were 19 (4, 55) mm Hg-minutes and 19 (6, 48) mm Hg-minutes, respectively.
Based on our zero-inflated negative binomial model, we found no associations between stroke and intraoperative hypotension as measured by AUT. The odds ratio (95% confidence interval) for any positive area (ie, any MAP < 70 mm Hg) comparing stroke cases with controls was estimated at 0.49 (0.18-1.38), which was not statistically significant (P = .18, Wald test for regression model coefficients). Among patients experiencing any intraoperative hypotension (MAP < 70 mm Hg), severity of the hypotension did not differ significantly in patients who did and did not have perioperative strokes (ratio of geometric means [95% confidence interval] of 1.07 [0.76-1.53]; P = .69).
Sensitivity analyses were performed using threshold MAP values of 65 and 60 mm Hg to define the upper bound of our AUT hypotension measure. These also failed to uncover any statistically significant relationship between intraoperative hypotension and postoperative stroke (Table 3; 
DISCUSSION
We did not identify any statistically significant or clinically important relationship between intraoperative hypotension and perioperative stroke. This differs from a previous study by Bijker et al, 13 which found that time spent >30% below baseline was associated with an increased risk of postoperative stroke. We note, however, that those investigators also found no relationship between intraoperative hypotension and postoperative stroke when using several different definitions of hypotension including raw systolic blood pressures below thresholds of 100, 90, 80, and 70 mm Hg; MAPs <70, 60, 50, and 40 mm Hg; and decreases in both systolic and mean blood pressure by 10%, 20%, and 40% from baseline.
We elected a priori not to use measures of hypotension defined relative to patient baseline blood pressure. The definition of "baseline" varies among the literature and, depending on the definition used, may affect the degree of intraoperative hypotension recorded. 17 The most consistently available baseline blood pressure values-those immediately before induction and at preoperative clinic visits-may be affected by factors such as perioperative medications, anxiety or white coat hypertension, and acute disease-related suffering; as such, they may poorly reflect patients' true baseline blood pressure levels. Rather than incorporating these variable and potentially unreliable baseline levels into our measure of hypotension, we accept the limitation that substantial interindividual differences in baseline blood pressure may decrease our ability to detect a relationship between hypotension and postoperative stroke.
Our study differs from Bijker et al 17 in not only matching patients and controls by age and type of surgery but also in the same principal procedure. By using propensity scores, which incorporate patient comorbidities, we were able to tightly match patients who did and did not experience perioperative strokes. We also excluded procedures involving the carotid arteries or proximal aorta because they have substantial potential for atheroembolic events. Finally, our study included approximately 3 times as many stroke cases.
At rest, the brain receives approximately 15% of cardiac output and is able to regulate cerebral blood flow across a range of cerebral perfusion pressures (referred to as cerebral autoregulation). 18 Traditionally, the range of blood pressures across which cerebral autoregulation is thought to maintain Given as "mean ± standard deviation" or "n (%)" as appropriate. Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; CAD, coronary artery disease; HTN, hypertension; STD, standardized difference, before propensity score matching; TIA, transient ischemic attack. Figure 3 . Histogram of timing of postoperative stroke. Seven patients with strokes after 10 days postoperatively (2 at day 11, 3 at day 12, 1 each at days 13 and 23, respectively) were included in the 10th day histogram box.
stable blood flow spans approximately 60 to 150 mm Hg. However, recent evidence suggests that the autoregulation range may be smaller and that cerebral blood flow may be more sensitive to hypotension than hypertension. 19 Studies of cerebral autoregulation in humans are complicated by the need for pharmacological agents to achieve large perturbations in blood pressure homeostasis-which may affect cerebrovascular autoregulatory mechanismsand by difficulties in accurate quantification of cerebral blood flow. 19, 20 Furthermore, autoregulation during hypotension may be compromised by chronic hypertension, increased intracranial pressure, atherosclerosis, and other disease states. [21] [22] [23] [24] A recent study of cerebral blood flow during cardiopulmonary bypass, for example, reported that the lower limit of autoregulation varied widely between patients and had no relationship with preoperative MAP. 25 These factors suggest that determination of a critical lower limit of blood pressure is complicated and highly variable between patients. In our study, we used a measure of hypotension that combined both the severity and the duration of Given as "mean ± standard deviation" or "n (%)" as appropriate. Abbreviations: ASA, American Society of Anesthesiologists; BMI, body mass index; CAD, coronary artery disease; HTN, hypertension; STD, standardized difference, before propensity score matching; TIA, transient ischemic attack. www.anesthesia-analgesia.org aNesthesia & aNalgesia hypotension experienced. In this way, our measure maintains a degree of sensitivity to differences in severity of hypotension between patients even if the threshold under investigation is higher than the "true" critical lower limit of blood pressure. It remains possible that intraoperative hypotension contributes to perioperative strokes. Indeed, severe and prolonged intraoperative hypotension as a complication of surgery inevitably results in hypoxic damage to end organs, including the brain. A recent study reported that even short durations of hypotension (defined as MAP < 55 mm Hg) during noncardiac surgery were associated with acute kidney injury (AKI) and myocardial injury. 26 The relative scarcity of perioperative strokes (compared with postoperative AKI or myocardial infarction) and small number of patients in our sample experiencing severe degrees of intraoperative hypotension preclude the use of this threshold in our analysis. Our sensitivity analyses failed to find any relationship between hypotension and stroke at more severe degrees of hypotension (<65 and <60 mm Hg). Our results suggest that within the typical range of intraoperative blood pressures experienced at our institution, factors other than hypotension contribute more.
We also defined postoperative stroke as occurring up to 30 days after surgery. Although severe hypotensive events or surgical complications may result in strokes that manifest immediately after surgery, the majority of strokes occur between 1 day and 1 week postoperatively, and we sought to include these in our investigation. Any proposed pathological mechanism connecting intraoperative hypotension and postoperative stroke becomes more tenuous with an increasing number of postoperative days; we thus also conducted analyses restricted to strokes only occurring within 3 and 9 postoperative days. There was no substantial change in the results (Supplemental Digital Content 3, Supplemental Table 1 , http://links.lww.com/AA/B487). Postoperative hypotension may be a greater contributor to later-occurring strokes than intraoperative hypotension. Postoperative blood pressure measurement is comparatively infrequent and, during the routine assessment of vital signs, patients are often stimulated, which might mask ongoing hypotensive events. The incidence of postoperative hypotension remains poorly characterized and is the subject of current investigation.
We are also limited by our definition of hypotension as <70 mm Hg and our power to detect an association at progressively greater degrees of intraoperative hypotension. A threshold of 70 mm Hg likely represents normal cerebral perfusion for a supine patient; yet, as demonstrated in Figure 4 , a substantial proportion of our patients did not experience any hypotension even under this threshold. Because our measure of hypotension includes both depth and length of exposure, this renders it somewhat resilient to the choice of threshold (ie, patients with more severe hypotension will have greater exposure in the model under any chosen threshold regardless of how high); however, the relative scarcity of stroke and further reduction in the number of exposed patients under the threshold decrease our power.
We also conducted sensitivity analyses at lower thresholds for hypotension, but for these analyses the number of exposed patients-and, therefore, our power-is reduced even further (Supplemental Digital Content 1, Supplemental Figure 1 , http://links.lww.com/AA/B485; and Supplemental Digital Content 2, Supplement Figure 2 , http://links.lww.com/ AA/B486). It may be that we are underpowered to detect an association for this rare event using any of our thresholds. Nonetheless, our sample of over 100 postoperative strokes is the largest ever studied in this population.
Our study incorporated an observational, case-control design; it is thus possible that our results might be influenced by confounding variables unavailable in our registry. However, a randomized trial of intraoperative hypotension and postoperative stroke would be ethically challenging.
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